Despite many years of research, cancer vaccines have largely been ineffective in the treatment of established cancers. Many barriers to immune-mediated destruction of malignant cells exist, and these likely limit the efficacy of cancer vaccines. In this study, we sought to enhance the efficacy of a cytomegalovirus (CMV)-based vaccine targeting melanoma by combining vaccination with other forms of immunotherapy. Adoptive cell therapy in humans and in animal models has been shown to be effective for tumor regression. Thus, in this study, we assessed whether CMV-based vaccines in combination with adoptively transferred antitumor T cells could provide greater antitumor protection than either therapy alone. Our results show that adoptive cell therapy greatly enhanced the antitumor effects of CMV-based vaccines targeting the foreign model antigen, OVA, or the melanoma differentiation antigen, gp100. Combination adoptive cell therapy and vaccination induced the upregulation of the inhibitory ligands, PD-L1, and Qa-1 b , on B16 tumor cells. This expression paralleled the infiltration of tumors by vaccine-stimulated T cells which also expressed high levels of the receptors PD-1 and NKG2A/C/E, suggesting a potential mechanism of tumor immune evasion. Surprisingly, therapeutic blockade of the PD-1/PD-L1 and NKG2A/Qa-1 b axes did not delay tumor growth following vaccination, suggesting that the presence of inhibitory ligands within malignant tissue may not be an effective biomarker for successful combination therapy with CMV-based vaccines. Overall, our studies show that therapeutic CMV-based vaccines in combination with adoptive T cell transfer alone are effective for tumor rejection.
Vaccination is one potential method to generate an adaptive immune response against tumor cells and has been an active area of research for decades but yielding little clinical benefit as monotherapy (5, 6) . Our lab has previously generated a novel vaccine for melanoma utilizing recombinant Cytomegalovirus (CMV) as a vaccine vector (7) . Several characteristics make CMV an attractive vaccine vector: (1) CMV elicits a prolonged CD8 + T cell response characterized by the accumulation of high frequencies of virusreactive T cells over the lifetime of the host (8) . (2) In contrast to other persistent infections, CMV-specific T cells retain effector functions months after initial infection (9) . (3) Prior CMV infection does not induce protective immunity, allowing for several rounds of vaccination using this vector. (4) The robust T cell response generated by CMV is also produced by attenuated, replication-deficient vectors (10) . These properties have led several groups to test CMV vectors as vaccine platforms for infectious disease (11) (12) (13) .
Our lab has previously hypothesized that a persistent vaccinestimulating lifelong T cell responses against tumor antigen would be an effective cancer immunotherapy (7, 14) . To test this, our group developed a vaccine based on murine cytomegalovirus (MCMV) targeting a shared melanoma antigen, gp100. By mutating gp100 within a CD8
+ T cell epitope, we were able to generate gp100-reactive T cells which delayed metastatic tumor progression in the lungs following vaccination with MCMVgp100KGP. However, vaccinated mice eventually succumb to disease (7) . In the current study, we tested whether MCMV-based vaccines could synergize with other established immunotherapies in a murine solid tumor model of melanoma. Adoptive cell therapy is a form of immunotherapy in which large numbers of tumor-reactive T cells are transferred into tumor-bearing mice or humans (15) . Our previous study showed that MCMVgp100KGP induced modest frequencies of tumor-reactive T cells (7) . This is likely due to low precursor frequency of T cells recognizing the unaltered gp100 epitope. We hypothesized that adoptive cell therapy could overcome this barrier and synergize with MCMV-based vaccines to produce more effective and prolonged antitumor responses. Importantly, the effectiveness of adoptive cell therapy also seems to correlate with persistence of transferred cells long term (16) . Thus, in this study, we also tested if CMV-based vaccines could sustain adoptively transferred cells long term and result in augmented tumor regression. Our results show that a MCMV-based vaccine targeting a model neo-epitope is highly effective in treating melanoma expressing the same neo-epitope, and combining this vaccination with adoptive cell therapy completely cures mice of disease. Similarly, combining MCMVgp100KGP vaccination with adoptive cell therapy delays growth of established tumors. In both models, MCMV-based vaccination maintains adoptively transferred cells at low frequencies in peripheral blood. Following vaccination, tumors take on an "inflamed" phenotype characterized by T cell infiltration and expression of counter-regulatory molecules, such as PD-L1 and Qa-1 b . However, the protection provided by MCMV-based vaccines and adoptive T cell therapy was as effective as combination immunotherapy targeting several counter-regulatory pathways. This suggests that vaccine-induced PD-L1 and Qa-1 b expression may not be the most accurate predictors of response to checkpoint blockade in some tumors in combination with viral-based tumor vaccines.
MaTerials anD MeThODs

Mice
Female C57BL/6 mice (6-8 weeks old) were purchased from Charles River (Frederick, MD, USA). All mice used in these studies were between 6 and 12 weeks of age at the start of the experiment. Breeding pairs of PMEL mice (B6.Cg-Thy1a/ Cy Tg(TcraTcrb)8Rest/J) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and bred in house. OT-I/ RAG −/− mice were provided by Dr. Leo Lefrançois (University of Connecticut Health Center). Mice were housed at the University of Connecticut Health Center in a pathogen-free facility, and all experiments were performed with approval by the University of Connecticut Health Center Institutional Animal Care and Use Committee.
cell lines and Viruses
B16F10 and B16ova were provided by Dr. Leo Lefrançois (University of Connecticut Health Center). B16F10-RFP was purchased from AntiCancer, Inc. (San Diego, CA, USA). B16F10 cells were cultured in DMEM media (Life Technologies) supplemented with 10% fetal bovine serum (Life Technologies), 1 mM sodium pyruvate (Life Technologies), 1% non-essential amino acids (Life Technologies), and 1% Penicillin/Streptomycin (Life Technologies). B16ova cells were cultured in B16F10 culture media supplemented with 500 µg/mL G418 (Life Technologies). B16F10-RFP were cultured according to supplier's instructions in RPMI-1640 media (Life Technologies) supplemented with 10% fetal bovine serum, 2 mM l-glutamine (Life Technologies), 1% Penicillin/Streptomycin, and 400 µg/mL G418. Mouse embryonic fibroblasts were cultured in DMEM media supplemented with 5% fetal bovine serum, 1% non-essential amino acids, 1% sodium pyruvate, 2 mM l-glutamine, and 1% Penicillin/Streptomycin. M2-10B4 (a kind gift from Dr. Christopher Snyder; Thomas Jefferson University) were cultured in RPMI-1640 media supplemented with 10% fetal bovine serum, 2 mM l-glutamine, and 1% Penicillin/Streptomycin.
Murine cytomegalovirus-OVA was provided by Dr. Carol Wu (University of Connecticut Health Center). Wild-type (WT) MCMV, MCMVgp100, and MCMVgp100KGP were previously generated in the lab using the MCMV BAC pSM3fr-MCK-2fl provided by Dr. Barbara Adler (Ludwig-Maximilians-University Munich, Germany) (7) . Briefly, the full-length murine gp100 coding sequence or the altered sequence (gp100KGP) was inserted into the MCMV ie2 locus under the control of the HCMV ie1 promoter (7) . Previously generated viruses (WT MCMV, MCMVgp100, and MCMVgp100KGP) were expanded using murine embryonic fibroblasts or the bone marrow stromal cell line, M2-10B4, as previously described (17) . 
Tumor challenge experiments
Flow cytometry
Tumor tissue was mechanically dissociated and digested in 0.7 mg/mL Collagenase D (Roche) and 3 mg/mL DNase I (Roche) for 30-45 min to obtain single-cell suspension. For experiments looking at tumor-infiltrating leukocytes (TIL), TIL were isolated using Percoll gradient prior to staining. For experiments looking at B16RFP
+ tumor cells, cells were stained immediately after digestion for 20 min. Cells were blocked with anti-CD16/32 (clone 93; Biolegend) prior to surface staining. Antibodies against the following antigens were used: CD11a (clone M17/4; ThermoFisher), CD8a (clone 53-6. 
statistical analysis
Statistical tests were performed in Prism (Graphpad). For tumor growth experiments, tumor growth curves were compared using two-way repeated measures ANOVA. For other experiments, a student t-test was used when comparing two groups, and a oneway ANOVA was used when comparing more than two groups. A paired t-test was used to compare inhibitory receptor expression in blood and TIL from the same mouse. Survival curves were analyzed using Log-rank test in Prism.
resUlTs
McMV-OVa Maintains adoptively Transferred antitumor T cells at low Frequency long Term
Adoptive cell therapy is a form of cancer immunotherapy that involves infusing large numbers of ex vivo-stimulated tumorspecific T cells into patients (15) . Persistence of transferred cells over time correlates with improved clinical responses following adoptive cell therapy (16) . Several groups have tried to utilize the persistent nature of CMV infection to enhance this immunotherapy by redirecting CMV-specific T cells to target tumor antigen (18, 19) . Similarly, we wondered if CMV-based vaccines could be used to enhance the persistence of adoptively transferred cells. To test this, 10 5 OT-I CD8 + T cells were transferred into naïve mice that were then vaccinated with either 10 5 PFU WT MCMV or MCMV-OVA. As suggested by previous literature, MCMV-OVA vaccination stimulated a potent expansion of transferred T cells which was not seen following vaccination with WT MCMV ( Figure 1A) . Previous studies in adoptive cell therapy have shown that cells with a memory phenotype persist longer in recipients (20) . We, therefore, assessed the phenotype of transferred OT-I cells following MCMV-OVA vaccination. Similar to previous studies, stimulated OT-I cells displayed an "effector memory" phenotype (KLRG1 + CD127 lo ) in peripheral blood suggestive of a short-lived cell population ( Figure 1B) . Despite this same phenotype, MCMV inflationary T cell populations continue to accumulate over time due to continuous expansion of a small number of memory cells (9, 21) . We, therefore, asked if transferred OT-I cells stimulated by MCMV-OVA persisted long term. To test this, mice were treated as in Figure 1A and OT-I frequency was followed over time in peripheral blood of mice. The majority of mice showed a progressive decline in OT-I frequency over time. Four months after transfer, OT-I cells were still detectable (<2% of CD8 + ) in blood in the majority of mice tested, and 1 of 10 mice showed a significant frequency of OT-I cells (8% of CD8 + ) 4 months after transfer ( Figure 1C) . While OT-I cells were still detectable in the majority of vaccinated mice several months after transfer, the frequency of transferred cells is much lower than we had hypothesized or had been shown in a previous study using recombinant MCMV (22) .
adoptive cell Transfer enhances efficacy of McMV-OVa in Treatment of B16ova
Despite the low frequency of transferred cells at late time points, we were still curious if combination adoptive cell therapy and MCMV vaccination could impact solid tumor growth of a highly aggressive melanoma tumor. To test if adoptive cell therapy and MCMV-OVA could control disease in a solid tumor model, mice were inoculated with 3 × 10 5 B16ova on the rear flank. Eight days later when tumors were visible, mice were injected with 10 5 OT-I cells followed by 10 5 PFU WT MCMV or MCMV-OVA. As seen in our previous study, mice receiving MCMV-OVA alone showed a delay in tumor growth and prolonged survival, yet ultimately succumbed to disease. By contrast, three of five mice receiving OT-I transfer and MCMV-OVA vaccination completely cleared their tumors and remained tumor-free for the remainder of the experiment (Figure 2) . Thus, despite the low persistence of transferred cells in vaccinated mice, combination adoptive cell therapy and recombinant MCMV vaccination were able to cure mice of tumors expressing a foreign antigen.
McMVgp100KgP stimulates adoptively Transferred PMel cells but Maintains Them at low Frequency long Term
We next sought to determine how a CMV-based vaccine targeting an endogenous tumor antigen, gp100, would maintain antitumor T cell responses. Our lab has previously developed a recombinant MCMV expressing the modified melanoma antigen, gp100KGP (7). This virus expresses murine gp100 containing a mutation within a known CD8 + T cell epitope, which generates an endogenous T cell response to the native peptide. We first wanted to determine if MCMVgp100KGP could stimulate CD8 + PMEL cells which express a transgenic T cell receptor that recognizes the same epitope within gp100. To test this, naïve WT mice were injected with 10 5 CD8 + PMEL cells followed by vaccination with WT MCMV, MCMV expressing native gp100, or MCMVgp100KGP. Five days following transfer, PMEL cells were detected at high frequency only in the blood of mice vaccinated with MCMVgp100KGP ( Figure 3A) , while recombinant virus expressing native gp100 did not stimulate transferred PMEL cells. We next asked if MCMVgp100KGP could promote the persistence of adoptively transferred PMEL cells. Similar to our findings with MCMV-OVA, MCMVgp100KGP stimulated a large expansion of adoptive transferred cells early but did not maintain transferred cells at high frequency in the blood long term (Figure 3B) . Thus, in two models, MCMV-based vaccines maintain adoptively transferred cells in peripheral blood at low frequency long-term.
adoptive cell Therapy and McMVgp100KgP Vaccination Delays solid Tumor growth Therapeutically
Given the encouraging results seen with adoptive transfer and MCMV-OVA vaccination, we next asked if this same combination therapy could treat tumors when targeting a native tumor antigen. To test this, mice were inoculated with 10 5 B16F10, and 5 days later, mice received 10 5 CD8 + PMEL cells followed by vaccination with WT MCMV or MCMVgp100KGP. As expected, mock vaccinated tumors grew unopposed with most mice succumbing to disease within 2 weeks (Figure 4) . PMEL transfer alone, MCMVgp100KGP vaccination alone, or PMEL transfer followed by WT MCMV vaccination also had little effect on tumor growth. However, PMEL transfer followed by MCMVgp100KGP vaccination significantly delayed tumor growth and prolonged survival of tumor-bearing mice. This shows that increasing the precursor frequency of antitumor T cells through adoptive transfer can greatly enhance the clinical efficacy of MCMV-based vaccines in an antigen-specific manner.
McMVgp100KgP-stimulated T cells express inhibitory receptors in the Tumor Microenvironment and induce expression of immunosuppressive Pathways in Tumors
We next asked why our combination therapy did not completely clear tumors. To this end, we analyzed the phenotype of TIL for clues. Six days following vaccination with MCMVgp100KGP, PMEL cells within the tumor microenvironment expressed high levels of the inhibitory receptors LAG3, PD-1, and NKG2A compared to PMEL cells in the blood (Figure 5) . Previous studies have suggested that expression of multiple inhibitory receptors correlates with cell exhaustion (23) . PD-1 has two known ligands, PD-L1 and PD-L2, whose expression are regulated by IFNγ. NKG2A is an inhibitory receptor found on activated NK cells and some CD8
+ T cells, and it recognizes the murine homolog of HLA-E, Qa- ( Figures 6A-C) . Strikingly, virtually all RFP + tumor cells isolated from mice treated with MCMVgp100KGP immunotherapy were PD-L1 + and a significant percentage stained positive for both PD-L1 and Qa-1 b on the cell surface (Figures 6A-C) . PD-L1 and Qa-1 b were also highly upregulated on CD45 + CD8 − immune cells within the tumor following MCMVgp100KGP immunotherapy (Figures 6D,E) . In addition to these inhibitory molecules, we also noted a substantial increase in total number of Ly6C + myeloidderived suppressor cells within tumors following immunotherapy (Figure 7) . These data show that immunotherapy-induced T cells rapidly induce the expression of several immunosuppressive pathways within the tumor microenvironment.
PD-1 and Qa-1 b Blockade Does not improve Vaccination response
PD-1 blockade is now a well-established therapy for metastatic melanoma and other cancers, while blocking antibodies to NKG2A are currently under development for cancer therapy. Given the high expression of these inhibitory pathways following therapy, we asked whether blockade of the PD-1/PD-L1 and NKG2A/Qa-1 b axes could improve the antitumor response generated by MCMVgp100KGP vaccination. To this end, tumorbearing mice received 10 5 PMEL cells and MCMVgp100KGP vaccination 5 days after tumor inoculation, followed by blocking antibodies to PD-1 and Qa-1 b or isotype controls on days 10, 12, and 14. Surprisingly, despite the high expression of PD-1/PD-L1 and NKG2A/Qa-1 b within the tumor, blockade of these pathways had no effect on tumor growth or survival in vaccinated mice (Figure 8 ). This suggests that the presence of these molecules may not be effective biomarkers for response to checkpoint inhibition. Other mechanisms of resistance may also be responsible for tumor progression.
DiscUssiOn
In this study, we extended our previous observations testing a novel recombinant CMV vaccine for melanoma. Our previous work had shown that a recombinant CMV significantly delays disease progression in a metastatic model of melanoma (7) . In the current study, we sought to enhance the efficacy of vaccination by combining CMV-based vaccines with other forms of immunotherapy in a solid skin tumor model. Adoptive cell therapy is a form of immunotherapy involving the transfer of high frequencies of ex vivo-stimulated antitumor T cells into patients (15) . A prominent study in this field showed that clinical response correlated with persistence of transferred cells in patients (16) . Several groups have engineered CMVspecific T cells to express receptors for tumor antigens with the hope of improving cell persistence through viral stimulation of these cells (18, 19, 24) . We, therefore, sought to ask a similar question: can a CMV-based vaccine sustain adoptively transferred antitumor T cells? Our results suggest that these cells can be maintained long-term albeit at a very low frequency. Our data stand in contrast to a recent paper by Turula et al. which showed that MCMV expressing ova could stimulate adoptively transferred OT-I cells at high frequency (22) . Our conflicting results may be attributed to the different viruses used in our two studies or may be influenced by the number of cells transferred prior to vaccination. Turula et al. transfer 600 OT-I cells prior to vaccination, while in our study, mice received 10 Our study also highlights several immunosuppressive pathways that are upregulated in response to vaccination. PD-L1 is a notable T cell inhibitory ligand that is the target of several clinical immunotherapies. Clinical response to PD-1 blockade is associated with an "inflamed" tumor phenotype characterized by high levels of T cell infiltration and PD-L1 expression (25) (26) (27) (28) . B16F10 has previously been classified as a "non-immunogenic" tumor based on the resistance to immunotherapy (29) . In this study, untreated B16F10 tumors express little PD-L1. Vaccination and infiltration by antitumor T cells significantly increases the expression of PD-L1, suggesting that vaccination can transform B16 tumors into "inflamed" tumors. We also noted the expression of several other immunosuppressive pathways, including NKG2A and its ligand Qa-1 b . Qa-1 b is the murine homolog of HLA-E which has also been shown to protect malignant cells from T cell cytotoxicity (30, 31) . Surprisingly, increased T cell infiltration and expression of these pathways following vaccination did not enhance the responsiveness of B16 tumors to blocking antibodies. These data highlight the difficulty in using the expression of T cell inhibitory molecules within the tumor microenvironment as markers for response to blocking antibodies. Instead, our data suggest that these molecules can be used as markers for successful vaccination.
Other pathways likely limit the effectiveness of vaccination in this tumor model. Herein, we also showed that vaccination induced the accumulation of Ly6C + myeloid cells. Given that a previous study using PMEL transfer noted a similar accumulation and showed that these cells were indeed suppressive, we hypothesize that the Ly6C + myeloid cells that accumulate in response to vaccination are also suppressive (32) . This response may be one of the mechanisms limiting the efficacy of vaccination in our study. Future work will attempt to target these myeloid cells in combination with vaccination. In summary, in this study, we attempted to enhance the efficacy of melanoma vaccines using CMV-based vectors. Adoptive cell therapy greatly enhanced the antitumor response to vaccination targeting both foreign and self-antigens. When targeting a foreign antigen, adoptive cell therapy and MCMV-based vaccination cured several mice of an aggressive solid tumor, suggesting that MCMV-based vaccines against neoantigens may have dramatic clinical results. Not surprisingly, this same combination targeting a self-antigen has a less dramatic clinical response. Vaccination induced several counter-regulatory mechanisms that were not overcome by blocking antibodies, suggesting that other tumor evasion mechanisms are at play. Overall, this study extends our earlier work showing that CMV-based vaccines are effective therapies against immunosuppressive solid tumors. Future work will determine which counter-regulatory responses are limiting vaccine efficacy in this tumor model. Nevertheless, the protection provided by CMV-based vaccines is more effective than checkpoint blockade alone in the B16 model of melanoma.
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